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IXAnnUCT  (MMtnwiaWMMW 

As  a  partof  an  dMto  opfmize  the  eiecbonjc  device  perfomiance  in  the  nrarnc  phase  siiAer,  vari^ 
oimposites  of  BSTO  confined  with  other  rnneledricaly  active  oxide  (xraniics  have  been 
gen^  the  conposiles  have  redu(»d  deieclic  constants  and  loss  tangents  and  have  high  tunabHes,  which 
reduce  the  overalintpedancemismalch  and  the  insertion  bss  of  the  device.  Thecontinalionof  electnonic 
properties  ofthesernateriatsotfersubstantialy  higher  operaing  frequencies,  10  GHz  and  above.  Grain  sire  and 
ph^  analysis  have  been  exarnined  using  arul  Xray  dtifraction.  The  packaging  of  the  phase  shifter 

rnalerials  elecitodhg  mataiiis,  electrode  shapes,  and  ennpsulation  ntalerials  wi  be  (fscussed. 
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1 .  SB4  micrographs  of  (a)  BSTO-1 0  wt%  Alumina  bulk  ceramic  composite  microstructure, 

(b)  8870-35  wt%  Alumina  bulk  ceramic  composite  microstructure,  (c)  6870^  wt  %  Alumina 
bulk  ceramic  composite  microstructure  .  5 

1  (a)  8B4  micrograph  of  8870-40  wt%  Oxide  II  bidk  ceramic  composite  microstructure, 
(b)8B4nncrograph  of  8870-40  wt%  Oxide  III  bulk  cerarnicconipositetnicrostructure .  6 

3.  7unablity  (%)  versus  Applied  Electric  Field  (V/iran)  for  8870-Alumina  composites  (inset  shows  the 

Dieiectric  Constant  vmus7unability(%)  at  an  dectric  field  of  0.7  V/nvn) .  8 

4.  8emi-log  plot  of  the  Dieieciric  Constant  versus  Aiunina  and  Oxide  II  Content  for  8870-Alumina  and 

8870-Oxide  II  composites . .  9 
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5.  T(mabity(%)\«rsusAppfiedBeclric  Field  (VMm)  for  BSTO-QxkJeila)nrposAesOns^sho^ 


Dielectrfo  (fondant  versus  Tunability(%)  at  imelectrfo  field  of  07  Vfofim  .  10 

6.  Loss  Tangent  versus  Oxide  III  Content  (wt%)  for  BSTCK)xide  III  composites .  11 
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Phased  anray  antennas  can  slaer  transrnlted  a  reeved  si^iais  either 
mechanicalyosciaing  the  antenna  These  antennas  are  (»jnferifly(»nslructed  using  ferrite  phase  shil^ 
etenwnte.  Dite  to  the  type  of  circuit  reqiietnente  necessanr  to  operate  these  antennas,  they  are  cosfly,  large  and 
heavy.  Therefore,  toe  use  of  these  antennas  has  tteen  fnited  prirnarfly  to  mitary  appfcadons  which  are 
strategicaly  deperKtent  on  such  capabMes.  In  order  to  mate  these  devices  availabte  for  rnany  other  corrvrrerciai 
artomitary  uses,  the  basfccorxtept  of  the  antenra  must  teiryroved.  If  ferroetecWc  materials  couid  be  used 
instead  offemtes,  phased  array  antennas  wouto  be  totaly  revohjlionized. 

A  ceramic  Badum  Strontium  Titanate,  Bai.xSrxTOa,  (6STO),  electRH}ptic  phase  shifter  using  a  planar 
micrDstopconsttucion  has  been  demonstrated^.  In  orderto  meet  toe  requited  perforTTrancespedfcations, 
materurr  phase  shifting  abity,  the  etectenic  properties  in  the  tow  frequency  (KHz)  arto  triers 
(GHz)  must  be  optimized.  As  part  of  tote  optirizalion  process,  various  composites  of  BSTO  atto  norvferroelectric 
oxides  have  been  fomriulated.  The  BSTO-Alurrirte  corrteosite  has  a  patent  pendmg  on  its  ibrmulafions  and  toe 
other  composites  which  are  designated  herein  as  BSTO-Oxide  II  and  BSTO-Oxide  III  currency  have  a  patent 
urtoergoing  the  tteg  process.  Al  of  these  corrposites  possess  toiptoved  etectronic  properties.  The  corrparison  of 
the  oornpositions  arto  phase  forrnation  of  the  various  BSTC><>xide  cerarrK  corriposites  wi  be  made  and  related 
to  their  etecIrotK  properties.  Thte  report  wl  oulfne  sorne  of  the  initial  findings  and  compare  them  to  the  resulte 
fourto  for  pure  BSTO.Ateo  various  rnetaftzalions  and  encapsulante  have  been  tried  atto  toe  electfonic  data  for 
20  wt%  alumina,  oxide  II  and  oxide  III  -  BSTO  composites  will  be  presented. 


R]wder  forrns  of  Barium  TIanate  arto  Strorfiium  Titanate  were  obtained  fiom  Ferro  Coqroralion,  Transeloo 
Division.  Pen  Yar,  N.Y.  ( product  nos.  219^  and  218  respectively),  stoichiometricaliy  mixed  to  achieve 
Ba.6Sr,4Ti03  and  bal-miled  in  ethanol  using  3/16*  alumina  medte  for  24  hrs.  Theresulting  BSTO  was  then  air- 

dried,  calcined  at  1 100^  and  mixed  with  either  powder  alumina  (ALCOA  Industrial  Chemicals,  Bauxite,  AR, 
dtetobuted  by  WhHtater,  Clark,  and  Daniels.  South  Ramfield,  N.J.,  product  no.  A16-SG)  or  a  second  oxide 
((Bride  10  or  a  third  oxide  (oxide  III)  in  toe  proper  weight  percent  and  bal-rnied  again  in  a  slurry  of  ethanol  using 
the  aluTiirte  grindmg  rnedte  fix  an  addfional  24  hrs. 

Three  wt%  of  Rholpex  B-60A  (Rohm  and  Haas  Co..  Phiiadephia,  PA)  binder  is  added  to  the  resulting 
BSTOfoxide  rrixture.  The  mixture  te  then  air-dried  and  dry-pressed  uniaxialy  to  a  pressure  of  approximate 
7(X)0p.s.i..  Sintering  schetotes  were  obtained  by  errvfoying  a  dellectorneter  such  as  Mitutoyodigirnallc 
indfoatorarto  miniprocessor  (MitutoyoCorp.,ParamusN.J.).  The  densities,  %  Porosity  and  %  Absorption  are 


given  in  Table  I.  Results  were  obtained  by  perfoming  an  immerenn  density  in  ethand  using  a  nrndifiedAST^ 
standard.  ltstK)uldbenotBdthataldtheexaminedsampieshaveliquidabsorptenoflesslhan2%. 

Two  nwrtaization  techniques  were  etTployed.  One  involved  painting  two  circular,  aigned  elec^ 
one  on  either  side  of  the  spedmens,  using  Ngh  purity  siver  paint  (SPI  Supples  West  Chester,  PA)  and 
attaching  wires  using  high  purity  silver  epoxy,  (Magnobond  8000,  made  by  Magnolia  Raslics,  Inc.,  Chamblee, 
GA  The  other  technk^utized  the  screen  printing  of  electrodes  using  siver  conductive  irl(  (FERRO  #3350, 
Becironic  Materials  Division,  Santa  Barbara,  CA)  and  wires  were  attached  by  dipping  the  spedniens  in  a  bath 
of  2%  silver,  62%  tin  and  36%  lead  sokter. 

2.2  Electronic  Measurements 

The  dteiectric  constants,  e',  loss  tan  S,%tenabilty  were  deterrnined  for  alcomposiles.  The  dieiectic  constant 
is  derived  froni  the  cornplex  function: 

e=e'-ie’  (1) 

The  loss  tan  5  can  be  defined  as: 


tan5  =  c‘/e’ 


(2) 


arfo  the  %  tunabilty  of  a  rnaterial  is  detefrnined  using  the  following  equation: 

%  tunability  =  { e'(0)  -  e'(Vapp)]/  {e'(0)}  (3) 

The  tenabity  rneasurenwnte  were  taken  in  an  appled  electric  fiefo  which  ranged  frorn  0  to  3.0  V/riicron  (|irn). 
The  electronic  properties  given  in  the  tables  were  rneasured  at  a  frequency  of  1  KHz.  Capacitance 
rneasureinents  for  al  rnateriais  were  taken  using  an  HP4284A  LCR  rneter  and  the  dielectric  constants  were 
cafoilated  usingequaion  (4)  and  the  sample  dtoensions 

e'  =  Ct/AEo.  (4) 

where 

£'=dielectfic  constant 
C = capacitance  of  BSTO 
t  =  sample  thickness 
A=sam^area 
Eg  =  8.8542  X  10-^2  F/tn 

Furthercalculations  were  done  to  conectfortheeffectof  fringe  capacitance.  The  dtelectric  constant  has  been 
calculated  fiom  corrected  capacitance  values,  Ccorr.  accordmg  to  equaion  (5).  The  edge  (fringe)  capacitance, 
C&  was  calculated  tom  either  equalkto  (6)  or  (7)  dependtog  on  the  elect[odingconfiguralion2  Theseequaions 
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TABLE  I  Sarrple  Descriptions  (rfBSTCK)xideC^amicQxTiposit^ 


BSTO-Aiumina 


Mmn 

ComtM  fyntUt) 

Densify  (gfoc) 

%Poiosify 

X  >U)sorp<ion 

0wl%Al2Q3 

5.373 

3.16 

0.48 

1v«t%Al203 

5.319 

8.94 

1.43 

5«t%Al203 

4.744 

6.63 

1.10 

10wl%Ai203 

4.687 

7.15 

1.22 

20wt%Al2O3 

4.222 

7.81 

1.46 

30wt%Ai2O3 

3.965 

5.05 

1.03 

60wt%Ai2O3 

3.797 

5.47 

1.20 

80wt%Al2O3 

3.615 

7.48 

1.72 

pur8Al203 

3.992 

4.44 

0.95 

BSTOOxideli 


Additive 

Content  (w1%) 

Density  (g/cc) 

%  Porosity 

%  Absorption 

1wl%  Oxide  It 

5.22 

10.31 

1.64 

5wt%  Oxide  II 

5.28 

8.86 

1.51 

10  wt%  Oxide  II 

5.30 

7.67 

1.23 

15  Oxide  II 

5.12 

8.27 

1.28 

20  wt%  Oxide  II 

5.37 

10.31 

1.64 

25wt%  Oxide  II 

5.44 

14.24 

2.33 

30  wt%  Oxide  II 

5.40 

9.73 

1.60 

40  wt%  Oxide  II 

5.36 

10.59 

1.67 

50  wt%  Oxide  II 

5.22 

10.34 

1.70 

60  wt%  Oxide  II 

5.38 

10.28 

1.58 

BSTOOxide  III 


Additive 

Content  (wi%) 

Density  (gfoc) 

%Potosdy 

%  Absorption 

IxvM  Oxide  III 

5.00 

10.70 

1.94 

5wl%  Oxide  III 

5.30 

3.97 

0.63 

10  wt%  Oxide  III 

5.19 

3.36 

0.55 

15  wt%  Oxide  III 

4.95 

5.38 

0.97 

20  wt%  Oxide  III 

5.03 

5.25 

0.87 

25  wt%  Oxide  III 

4.81 

3.30 

0.55 

30  wt%  Oxide  III 

4.69 

4.27 

0.81 

40  wt%  Oxide  III 

4.42 

5.40 

0.98 

50  wt%  Oxide  III 

4.11 

5.16 

0.99 

60  wl%  Oxide  III 

3.94 

2.56 

0.75 

80  wt%  Oxide  III 

3.52 

10.34 

1.87 
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assume  that  the  ground  capacitance  is  zero  amJ  the  thickness  of  the  metal  layer  e  niich  le» 
of  the  specimen. 

Coonr  =  Cmeas  *  Ce  .  (5) 

where  Cnr^^  =  measured  capacaancevatue  and  Cft  is  defined  below 

Two  cases  are  considered; 

Both  electrodes  are  e(^  but  smaler  than  the  specimen; 

Ce  =  (0.0019  Qneas  -  0.00252  In  t + 0.0068)  P  (6) 

Diameter  of  the  electrodes  are  equal  to  the  duneter  of  the  spedrnen; 

Ce  =  (0.0041  Cmeas  -  0.0034  In  t + 0.0122)  P  (7)  . 

where  P  =  7r(dejectrode'^t)  and  detectrode'diaiieterofthe  electrode  and  t=thicknessofthe 
specimen. 


3.  RESULTS  AND  DISCUSSION 


3.1  SEM  and  EDX  Analysis 

SEM  examination  of  the  individual  bulk  ceramic  layers  of  the  BSTO-Alumina  composite  revealed  that  a 
secondary  phase  became  apparentwHhaiunina  additions  as  low  as  10  wt%.  This  phase  becomes  more 
dominant  at  35  wt%aiuniina  and  then  cfisappears  at  60  wt%.  Moographs  for  these  nicrostnjchresa^ 
(fisplayed  in  Figs.  1  (a)  -  1(c).  EDX  of  the  small  grains  revealed  a  depletjon  in  alumina  while  EDX  of  the  larger, 
smoother  grans  dteplayed  an  increase  in  the  alumina  content  This  suggests  the  fisrmaljon  of  a  barium  aluminum 
titanium  oxide  phase. 

SB4  examination  of  the  individual  BSTO-Oxide  II  and  BSTO-Oxide  III  confq}ositjons  showed  very 
litttemicrostructuralcfiftererNre  with  added  percentages  of  0^^  A  small  reducticn  in  grain  size  was  the  most 
apparent  difference.  A  micrograph  of  typical  BSTO-Oxide  11  arxi  BSTO-Oxide  III  microstructures  are  shown  in 
Figs.  2(a)  and  (b) .  B)X  analysis  of  the  individual  layers  showed  no  unusual  behavior  vrith  the  percentage  of 
Qxkte  II  or  oxide  Hi  gradualy  increasing  with  steady  decreases  in  barium,  strontium  and  titanium. 

3.2  X-Ray  Diffraction 

A  summary  of  the  X-Ray  diffraction  results  tor  the  various  compositions  of  the  BSTO  composites  are  given  in 
Tablell.  It  should  be  noted  that  there  are  three  diflierentlbnns  of  Barium  Alurrinum  Oxide  fisted  within  the  taWe. 
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In  agreement  with  EDX,  the  results  reveal  that  when  alumina  is  added  to  BSTO  in  small  amounts,  <  20  wt%,  a 
second  phase  of  Barium  Aluminum  Titanate,  Ba3AI-|oTi020,  is  formed.  In  compositions  having  between  20  and 
40  wt%  alumina  another  phase  of  Barium  Aluminum  Titanate  forms  ie.  BaAl0TiO'i2  In  this  composition  range 
we  are  also  seeing  traces  of  Barium  Aluminum  Oxide, BaAI'i22P20.8-  the  time  the  composition  reaches  60 
wt%  alumina  no  Barium  Aluminum  Titanate  phases  are  detected.  Only  faint  traces  of  BSTO  are  discernible  at 
this  composition.  At  60  wf/o  alumina  it  was  not  possible  to  discern  which  phase  was  most  prevalent  or  even  if 
all  three  phases  were  present  At  80  wt%  alumina  a  specific  phase  of  Barium  Aluminum  Oxide  still  could  not  be 
identified,  but  definite  AI2O3  peaks  became  apparent  Pure  alumina  provided  an  expected  diffraction  pattern. 

The  results  for  the  BSTO-Oxide  II  composites  are  completely  different  The  results  show  that  initially 
oxide  II  appears  to  be  absorbed  into  the  BSTO  lattice  structure.  At  compositions  from  5-50  wf/o  oxide  II,  BSTO 
is  the  dominant  pattern,  but  at  60  wf/o,  oxide  II  becomes  dominant  It  is  also  interesting  to  note  that  no  second 
phase  materials  were  detected  at  any  of  the  compositions  for  this  composite.  Similar  results  were  observed  for 
the  BSTO-Oxide  III  composites.  The  only  variation  for  the  latter  is  that  traces  of  oxide  III  are  apparent  even  with 
only  a  1  wf/o  addition. 


FIGURE  1  (a)  SEM  micrograph  of  BSTO-1 0  wt%  Alumina  bulk  ceramic  composite  microstructure, 
(b)  SEM  micrograph  of  BSTO-35  wf/o  Alumina  bulk  ceramic  composite  microstructure,  (c)  SEM 
micrograph  of  BSTO-60  wt  %  Alumina  bulk  ceramic  composite  microstructure. 
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FIGURE  2  (a)  SEM  micrograph  of  BSTO-40  wf/o  Oxide  II  bulk  ceramic  composite  microstructure, 
(b)  SEM  micrograph  of  BSTO-40  wt%  Oxide  III  bulk  ceramic  composite  microstructure. 

TABLE  II  X-Ray  Diffraction  Results. 

BSTO-Alumina 


Oxide  Content 

.  Detected  Phases 

pure  BSTO 

Ba  0Sr  4Ti03pattern 

1wt%Al203 

BSTO  and  Ba3Al-|  oTi02o 

5wt%Al203 

BSTO  and  Ba3AI-|  oTi020 

10wt%Al2O3 

BSTO  and  Ba3AI-|  oTi020 

15wt%Al203 

BSTO  and  Ba3AI'|  oTi02o 

20  wt%  AI2O3 

BSTO,  Ba3AI-|QTlO20  snd  BaAI'13  2^20  8 

25wt%Al203 

BSTO,  Ba3AI’j QTiO20i  BaAl0nO'|2  snd  BaAI'13  2®20  8 

30wt%Al2O3 

Ba3AI'|oTi020i  BaAl0TiO'|2,  BSTOandBaA)'|3  2O2O.8 

35wt%Al203 

Ba3AI'|oTi020.  BaAl0TiO'|2,  BSTO  and  BaAI'13  2O20. 8 

40  wt%A!203 

Ba3Al'|QTiO20,  BaAl0TiO')2.  BSTO  and  BaAI'13  2*^0  8 

60  wt%  AI2O3 

Barium  Aluminum  Oxide  (phase  unknown)  and  BSTO 

80wt%Al2O3 

Barium  Aluminum  Oxide  (phase  unknown)  and  AI2O3 

pure  AI2O3 

AI2O3  pattern 
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The  results  for  the  eiecironic  propel  BST(>AlurTiiiiacotTipositesareshovminTabtelir  InthisancI 

subsequerit  tables  there  are  a  few  foriabity  dafo  poirtts  nrissir^g  due  to  either  shortirig  caused  by  appicatiori  of 
high  voltages  to  poorly  coristructed  electroding  or  because  oxide  additions  >  60  wt%  exhibit  virtualy  no 
tonability.  Thedieiectrfo(X)nstarrtofthespecirTiensfequcldyreducedfor(X)rTiposifonsupto35wt%alurninaat 
wdwh  point  the  rato  of  reduction  in  the  (fielectrK  constant  fednvnished.  The  dfeiectric  loss,  tan  5,  reported  here 
for  al  spedrnens  includes  the  toss  caused  by  the  rnetal  contact  infiproved  ni^zation  for  these  rnaterials  wi 
defir^  result  in  toss  tan  5  <  0.01.  The  %  tunabiKty  of  the  specimens  could  be  increased  with  an  increase  in 
applied  electric  field  and  by  using  thinner  spectoiens.  Even  so,  the  tunabity  of  the  composites  is  maintained  at 
reasonable  levels  (>1 0%)  up  to  20  wt%  alumina  at  which  time  the  tunabity  decreases  rapidly.  A  graph  of  the 
Tunability  versus  Applied  Field  is  shown  in  Fig.  3.  The  inset  shows  the  Dielectric  Constant  of  these 
cornposilions  versus  Tunability  at  an  eleciric  field  of  0.7  V/urn.  • 

Tabte  IV  contains  the  electronic  data  fisr  the  BSTO-Oxide  II  cerarniccornposites.  As  shown  in  Table 
IV  the  toss  tangern  of  the  materials  are  relatively  low  (<0.02).  It  appears  that  as  the  (fielecbic  constant  decreased 
the  loss  was  towered.  The  (fielectricxonstant  of  the  cornposites  decreases  vvith  the  addHton  of  o^de  II.  The 
semMog  plot  of  the  dielectric  constants  of  the  BSTO-Alumina  composites,  the  BSTOOxide  II  composites  and 
the  BSTOOxide  III  composites  is  shown  in  Rg.  4.  As  shown  in  Fig.  4,  the  rate  of  reduction  is  similar  for  both 
composites  for  compositions  <  20  wt%.  However,  between  20  wt%  -  50  wt%  the  rate  of  reduction  in  the 
dieiectric  constant  is  less  than  that  of  the  BSTOAIumina  composites.  The  decrease  in  the  (fielectric  constant  for 
the  two  sets  of  composites  is  again  simNar  from  60  wt%-100  wt%  additive  content  However,  the  magnitude  of 
the  dielectric  constant  tor  all  of  theBSTO-Alumina  composites  is  less  than  that  of  the  BSTO-Oxide  II  and  BSTO¬ 
Oxide  III  corTp)sites.  TNs  may  be  due  to  the  formafion  of  the  second  phases  in  the  BSTO-Alumina  composites. 

The  Tunability  (%)  versus  Applied  Electric  Field  for  several  compositions  of  BSTO-Oxide  II  composites 
is  shown  in  Fig.  5.  The  insetrepresents  the  Dielectric  Ccmstant  of  these  compositions  versus  TunabH'ity  (%)  at 
an  electric  field  of  0.7  V/pm.  It  is  apparent  that  the  tunabity  decreases  for  compositions  less  than  30  wt%  oxide 
11.  For  additive  contents  >25  wt%  and  at  simiiar  electric  fields,  the  tunabity  of  the  BSTO-Oxide  II  composites  is 
geater  than  that  of  the  BSTO-Alumina  composites.  This  may  again  be  due  to  the  fixmalion  of  second  phases  in 
the  BSTO-Alumina  composites,  creating  additional  norvfenroeiectric  phases  which  inhibit  tunng  in  the  material. 

The  electronic  data  for  the  BSTOOxide  III  composites  is  shown  in  T^  V.  Simiiar  trends  were 
nobced  for  these  composites  with  toe  exception  of  having  lower  tosses  in  the  other  two  composites.  As  shown 
inFig.6,  toe  toss  tangent  of  the  corriposites  are  extrernely  tow  tbrirrostaficorripositions  (decreases  slightly  vvito 
an  increase  in  oxide  III).  These  formulalions  could  therefore  be  used  at  much  higher  operating  fiequendes,  i.e., 
at  miimeter  wave  range,  @  77  GHz.  As  shown  in  Fig.  4,  the  other  electronic  properties  are  simila-  to  BSTO- 
Oxide  11,  except  for  the  fact  that  the  (fielectric  constants  are  even  Ngher  fix  these  compositions  in  the  raige  1 5-60 


TABLE  III  Electronic  Properties  of  BSTO  (Ba  =  .6)  and  Alumina  Ceramic  Composites. 


Alumina 

Dielectric 

Loss 

%  Tunabiiity 

Electric  Field 

Content 

(wt%) 

Constant 

Tangent 

(V/iim) 

0.0 

3299.08 

0.0195 

19.91 

0.73 

1.0 

2606.97 

0.0122 

22.50 

0.76 

5.0 

1260.53 

0.0630* 

13.88 

0.67 

10.0 

426.74 

0.0163 

4.79 

0.39 

15.0 

269.25 

0.0145 

5.72 

0.87 

20.0 

186.01 

0.0181 

3.58 

0.48 

25.0 

83.07 

0.0120 

30.0 

53.43 

0.0135 

5.13 

2.21 

35.0 

27.74 

0.0029 

0.51 

0.83 

40.0 

25.62 

0.1616* 

60.0 

16.58 

0.0009 

0.01 

0.60 

80.0 

12.70 

0.0016 

100.0 

8.37 

0.0036 

*  samples  had  poor  contacts 


FIELD  STRENGTH  (V/|Lim) 


FIGURE  3  T unabiiity  (%)  versus  Applied  Electric  Field  (V/jLim)  for  BSTO-Alumina  composites 
(inset  shows  the  Dielectric  Constant  versus  T unability  {%)  at  an  electric  field  of  0.7  V/jum). 
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DIELECTRIC  CONSTANT 


TABLE  IV  Electronic  Properties  of  BSTO-Oxide  II  Ceramic  Composites 


Oxide  II 

Dielectric 

Loss 

%  Tunability 

Eiectric  Field 

Content 

(wt%) 

Constant 

Tangent 

mm) 

0.0 

3299.08 

0.0195 

19.91 

0.73 

1.0 

2696.77 

0.0042 

46.01 

2,72 

5.0 

2047.00 

0.0138 

12.70 

0.76 

10.0 

1166.93 

0.0111 

7.68 

0.68 

15.0 

413.05 

0.0159 

5.07 

1.11 

20.0 

399.39 

0.0152 

5.39 

0,76 

25.0 

273.96 

0.0240 

6.02 

1.02 

30.0 

233.47 

'  0.0098 

1.21 

0,73 

35.0 

183.33 

0.0091 

5.87 

0.95 

40.0 

162.26 

0.0095 

0.70 

0.71 

50.0 

92.73 

0.0071 

1,67 

1.12 

60.0 

69.80 

0.0098 

80.0 

17.31 

0.0056 

100.0 

15.98 

0.0018 

0.05 

0.27 

FIGURE  4  Semi-log  plot  of  the  Dielectric  Constant  versus  Oxide  Content  (wt%)  for,  BSTO 
Oxide  II,  BSTO-Alumina  and  BSTO-Oxide  III  composites.  (The  lines  shown  depict  the  best 
logarithmic  fit  to  the  data.) 
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The  tunability  decreases  slowly  with  increase  in  oxide  HI  content  and  the  compositions  exhibit  high  tunabilities 
(>10%)  up  to  60  wt%  oxide  III  which  was  not  the  case  for  the  other  composites. 


3.4  Electroding  /  Encapsulation  Results 

In  order  to  determine  the  metallization  and  packaging  which  produces  the  lowest  loss  tangents  in  the  materials, 
we  have  investigated  the  use  of  screen  printed  fired-on  external  electroding  (terminations)  and  we  have  also 
performed  a  cursory  study  on  the  effect  of  polymeric  encapsulation  on  the  specimens.  To  be  self-consistent  and 
to  be  within  the  application  specifications  for  many  antenna  systems,  the  specimens  chosen  for  this  study  were 
BSTO-Alumina  (20wt%),  BSTO-Oxide  II  (20  wt%)  and  BSTO-Oxide  III  (20  wt%).  A  description  of  the 
external  electrodes  used  in  this  study  is  given  in  Table  Vl^.  The  electroding  materials  are  manufactured  by  Ferro 
Corp.,  Electronic  Materials  Division,  Santa  Barbara,  CA. 

The  BSTO-Alumina  (20  wf/o)  composites  showed  an  increase  in  the  measured  loss  tangents  when 
fired-on  electrodes  were  used.  The  cause  for  this  increase  is  currently  under  investigation.  The  results  for  the 
silver  painted  specimens  are  shown  in  Table  VII.  The  data  includes  unencapsulated  specimens  with  no  wires, 
unencapsulated  specimens  with  wires  (attached  with  high  purity  silver  epoxy),  and  wired  specimens 


0% 


5% 


10% 

20% 

50% 


FIGURE  5  Tunability  (%)  versus  Applied  Electric  Field  (V/|um)  for  BSTO-Oxide  II  Composites 
(inset  shows  the  Dielectric  Constant  versus  Tunability  {%)  at  an  electric  field  of  0.7  V/jum). 


TABLE  V  Bectronic  Properties  of  BSTO-Oxkie  III  Ceramic  Composites. 


DielectiK 

Loss 

%  Tunabittty 

Electic  Field 

Conitnt 

Constant 

Tangent 

mm) 

0.0 

3299.08 

0.0195 

19.91 

0.73 

1.0 

1276.21 

0.0015 

16.07 

2.32 

5.0 

1770.42 

0.0014 

10.0 

1509.19 

0.0018 

15.0 

1146.79 

0.0011 

7.270 

1.91 

20.0 

1079.21 

0.0009 

15.95 

2.33 

25.0 

783.17 

0.0007 

17.46 

2.45 

30.0 

750.93 

0.0008 

9.363 

1.62 

35.0 

532.49 

0.0006 

18.00 

2.07 

40.0 

416.40 

0.0009 

19.81 

2.53 

50.0 

280.75 

0.0117* 

9.550 

2.14 

60.0 

117.67 

0.0006 

11.08 

2.70 

80.0 

17.00 

0.0008 

0.61 

1.72 

100.0 

13.96 

0.0009 

*  samples  had  poor  contacts 


FIGURE  6  Loss  Tangent  versus  Oxide  III  Content  (wt  %)  for  BSTO-Oxide  III  composites. 
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encapsulated  wthpolyesler  resin.  The  loss  is  iniproved  when  leads  are  attached  to  the  specinens  due  to 
improved  contact 

TTte  BSTCKMde  II  cornposites  showed  a  drastic  increase  in  the  toss  tangent  for  spedniens  which  had 
fired^meledroding.  The  rnecharism  for  this  irKrease  is  also  being  investigated.  Table  Vlllcorttams  the  dfoleclnc 
constant  and  loss  tangent  for  BSTO-Oxkte  II  (20  wt%)  composes  which  were  not  wired,  wired  and  were 
encapsulated  with  polyester  resin.  Again,  the  toss  is  irnproved  when  leads  are  attached  to  the  spedrnens. 

The  resulte  for  the  dtetectrfo  constarrt  arto  the  toss  tangertt  for  the  BSTO-Oxkte  III  (2()wt%)  cornposites 
are  shown  in  Table  IX.  For  the  sarnptes  which  have  fired-onelectroding  the  wires  were  attached  with  2%  silver, 
62%  tin  and  36%  lead  solder.  Theternperalureofthesoldervirasnftointainedat215-^-5  which  controls  the 
reactton  rate  between  the  liredKtoetectroding  and  the  solder  and  therefore  assures  good  adhesion.  Asshownin 
Tabte  IX  the  dietectiK  constartt  of  the  spedrnens  are  sdkonsistent  The  toss  tangents  are  about  the  same  for  al 
ofthefired^etectrodesarfotheyaretowerthanthosecMainedwjthsilverpairitforthesecornposites.  Thetoss 
is  further  decreased  by  attaching  toads.  This  approaches  the  towest  toss  measurernentcapabity  of  the  HP  bridge 
(whtoh  may  resutt  in  pseudo-negative  values  for  sorne  spedrnens).  The  dietectric  constant  appears  to  have 
increased  for  the  spedrnens  which  have  been  soldered  probably  due  to  the  irfouctance  of  the  nretaKcfoolder 
interface  and  variations  in  thickness  seem  to  strongly  influence  the  consistency  of  the  results. 

TABLE  VI  External  Becttoding3. 


Product  No. 

Oescnjpflbn 

3309 

Fritted  Sflver  SnPb  solderable 

T2026 

Standard  Siver.  SnPb  sokterable  sold 
to  PZT  manufacturers 

T2076 

Compatible  with  various  titanate 
formulations.  Good  adhesion 

T2073 

Platabte  temmation  for  Barium  Tftanate 

T2075 

natabteandsoneraote.  TermtnaDon 
for  alumina  and  ferrite  bodes. 

TABLE  VII  Electroding  Study  of  BSTO  (w/2(Kvt%  Alumina)  Samples. 


Smph  DMoctric  Conttant  Loss  TangentQ  IHUz 

Ink*:  Silver  Paint  AirOried 


WHIlUUt  VNIVS 

BAL16  104.65  .0058460 

BAL17  101.67  .0052430 

BAL18  110.03  .0056130 

BALI?"*  107.81  .0044740 

BAL17  102.29  .0047330 

wNh  ancapaulant  and  wires 

BAL-17-poiye8tef  105.40  .0048850 


TABLE  VIII  Electroding  Study  of  BSTO  (w/20wt%  Oxide  II)  Samples. 


Sampfe  DMactric  Constant  Loss  Tangent 

Ink*:  Silver  Paint  AirDriad 


wNhout  wires 

0X216 

346.33 

0X217 

379.75 

0X218 

364.08 

with  wires 

0X216 

319.97 

0X217 

343.72 

with  encapsulant  and  wires 

OX2-17i30lyest8r 

254.69 

OIKHz 

.043439 

.049499 

.049600 

@1KHz  @1MHz 

.025772  .018506 

.027378  .014754 

.032847  .022930 


The  results  fortheencapsuiaion  experiments  are  also  shown  in  Table  IX  The  three  encapsulants  chosen  were 
acrylic  (oonfomiai  coaling),  polyester  resin,  and  polyurethane  (air-4^^  The  data  indicate  that  the  acrylic  coaling 
produces  the  largest  dfect  on  the  electronic  properfes  (decrease  in  dtelectic  constant  and  increase  in  the  loss 
tangerQ  whereas  the  polyester  has  moderate  changes  in  the  eiectricai  behavior  of  the  nialeriais.  The 
polyuielhane  showed  the  least  change  in  the  properties  arxi  tfierefore  this  encapsUant  appears  to  be  the  best 
candklate.  Although,  lower  loss  polymefs,  such  as  styrene,  wil  be  investigated  in  the  near  future  and 
environrnental  (humidRy)  studes  have  rwt  yet  been  perform 


TABLE  IX  Electroding  Study  of  BSTO  (w/20wt%  Oxide  III)  Samples. 


Smph 

DMectric  Constant 

Loss  Tangsat^  1MHz 

Ink  •:  3309  nriitg  Tampenline:  850  C 

wHhout  wim 

0X31 

857.32 

.0012550 

0X32 

886.76 

.0004800 

0X33 

877.55 

.0007320 

wNhwirM 

0X31 

921.51 

.0020380 

0X32 

916.63 

.0026570 

0X33 

940.18 

.0015210 

wMh  ancapmilanli 

0X31-acfylic 

741.42 

.0100670 

OX32-polyiirethane 

899.25 

.0006250 

OX33^)oi^tar 

859.30 

.0074740 

InM:  T2075  Hring  Tcmpefabira:  500  C 

wNtwut  wirat 

0X34 

895.21 

.0007950 

0X35 

868.50 

.0005060 

0X36 

867.88 

.0003670 

wMiwiras 

0X34 

979.70 

.0013510 

0X35 

1012.33 

.0003490 

0X36 

827.92 

.0019000 

wtth  aneaptulaiili 

OX34-aciyljc 

865.96 

.0105490 

OX3&polyestBr 

914.67 

-.1106180 

OX36-po^ethane 

812.01 

.0005150 

Inki:  T2076  FMng  Tamperahire:  600  C 

wMwut  wiras 

0X37 

863.38 

.0020610 

0X38 

858.28 

.0010720 

0X39 

---* - 

wim  imvs 

0X37 

881.93 

.0011390 

0X38 

886.19 

-.0017690 

0X39 

944.75 

-.0008560 

wNh  Meaptuianl* 

OX37-aciylic 

894.97 

.0018030 

OX38-pol^ier 

0X39 

811.57 

.0055840 

Loss  Tangent^  iUHz 


Smpla  DMactricComtant 

Inh#:  T2026  Firing  TMipanlura:  760  C 


wMioiit  wirat 

0X310 

852.13 

.0004020 

0X311 

881.99 

.0002990 

0X312 

849.63 

.0003260 

with  wins 

0X310 

941.02 

-.0017690 

0X311 

1010.07 

-.0008560 

0X312 

931.99 

-.0002650 

with  Mcapsuianti 

OX310-polyestar 

898.12 

-.0006630 

0X31  l-polyurethane 

949.13 

.0003810 

OX312-ac(ylic 

949.65 

-.0000320 

ink#:  T2073  Rring  T«m|Mrahm:  850  C 

wShout  wins 

0X313 

872.78 

.0003830 

0X314 

860.50 

.0004570 

0X315 

wiwi  mres 

0X313 

873.77 

.0005380 

0X314 

948.82 

.0000550 

0X315 

963.85 

.0000430 

with  WK^rauianti 

OX313-acrytic 

986.01 

.0000240 

OX314-poiy88ter 

932.51 

-.0002210 

OX315-^yurethane 

944.98 

-.0000550 

Ink#:  Siivw  Paint 

Air  Mad 

wWiout  wins 

0X316 

817.47 

.0040370 

0X317 

809.62 

.0052190 

0X318 

806.40 

.0054000 

wNhwiiw 

0X316 

723.13 

.0031750 

0X317 

685.10 

.0044900 

0X318 

wHh  ancapsulanti 

OX316-aciytic 

963.85 

.0038760 

OX317-pol^er 

OX318-poi^thane 

669.78 

.0050280 

4.  CONCLUSIONS 


CofTvosilBS  of  BSTO  and  non4Bfn)electric  oxide  cefancshaK«  been  fiabricalBdarKld^^  The 

composes  hawe  al  deirionstrated  at|uslableeiectfD^  The  dMectric  constant  of  the  BST(>Aiui^ 

(XtnvositBS  decreases  faster  thw  the  BSTCM)xide  II  and  the  BST(>Oxide  III  (»nposites  from  20-50  ^ 
alunina  content  and  is  related  to  the  fonraion  of  nxitipie  secondary  phases  in  this  conipo^ 

BSTOAkurina  composites.  The  BSTO-Oxide  III  composites  exNbited  the  lowest  dteiectric  loss  (<0.001)  and 
hi{^  dtetectrte  constante  m  the  conpostton  range  from  15-60  wt%  oxide  contert  The  BSTO-Alurnina  and 
BSTO-Oxide  II  cornp(»ites  did  not  show  a  decrease  (as  cornpared  to  siver  paint)  in  the  loss  tangerrts.  The 
BSTO-Oxide  III  spectoiens  showed  a  drastic  decrease  to  the  loss  tangents  for  spednnenswtti  fired-on 
electrodes.  The  attachmertt  of  leads  toproves  the  dteiectric  loss  feral  of  the  composites.  The  polyurethane 
encapsulant  dfo  not  change  the  etectfonic  properties  of  the  BSTO-Oxxte  III  conposites. 
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